We study the neutralino sector of the left-right supersymmetric model. In addition to the possibilities available in the minimal supersymmetric model, the neutralino states can be superpartners of the U (1) B−L gauge boson, the neutral SU (2) R neutral gauge boson, or of the Higgs triplets. We analyze neutralino masses and determine the parameter regions for which the lightest neutralino can be one of the new pure states. We then calculate the relic density of the dark matter for each of these states and impose the constraints coming from the ρ parameter, the anomalous magnetic moment of the muon, b → sγ, as well as general supersymmetric mass bounds. The lightest neutralino can be the bino, or the right-wino, or the neutral triplet higgsino, all of which have different couplings to the standard model particles from the usual neutralinos. A light bino satisfies all the experimental constraints and would be the preferred dark matter candidate for light supersymmetric scalar masses, while the right-wino would be favored by intermediate supersymmetric mass scales. The neutral triplet Higgs fermion satisfies the experimental bounds only in a small region of the parameter space, for intermediate to heavy supersymmetric scalar masses.
I. INTRODUCTION
exotic neutralinos, in the (neutral) partners of the SU(2) R or U(1) B−L gauge bosons, as well as the fermionic partners of several Higgs bosons. We analyze the candidates for dark matter in this model to see if they can avoid the problems that plague MSSM. After briefly reviewing the model in Section II, we perform a comprehensive study of neutralino mass eigenstates in Section III, followed by a calculation of relic density in Section IV. We look at the simplest scenario, that of pure states and avoid co-annihilation with other supersymmetric particles by choosing the supersymmetric masses accordingly. We include constraints from the WMAP, b → sγ, ∆ρ, and muon g − 2 as well as from experimental bounds on supersymmetric masses from direct collider searches.
II. THE LRSUSY MODEL
The most general superpotential for the group SU(3) ⊗ SU(2) L ⊗ SU(2) R ⊗ U(1) V =B−L is [19] : 1) where W N R denotes (possible) non-renormalizable terms arising from higher scale physics or Planck scale effects [20, 21] . Here the matter fields are defined as where ∆ L and δ R are introduced in the model to cancel the fermionic anomalies introduced by the fermionic partners of δ L and ∆ R . The vev's of the Higgs fields in the LRSUSY can be chosen
4)
Some comments and explanations about the vev's chosen are required: κ 1 and κ 2 are the vev's of the MSSM-like Higgs bosons. They are responsible for giving masses to the quarks and leptons and they also contribute to M W L . We take the vev's of φ 0 12 and φ 0 21 to be zero because they induce FCNC at tree level (in both the leptonic and hadronic systems), as well as being responsible for W L − W R mixing. The vev's could also have a phase which induces CP violation, which is severely restricted in the kaon system. The non-MSSM Higgs vev's, v δ L and v ∆ R are responsible for neutrino masses. For one generation (see [22] , also [20, 23, 24] )
where v δ L must be very small and v ∆ R large, phenomenologically . In addition, v ∆ L and v δ L enter in the formula for the mass of W L (or the ρ parameter), while v ∆ R , v δ R enter in the formula for the mass of W R . It is thus justified to take v ∆ L , v δ L to be negligibly small.
For v ∆ R there are two possibilities: either v ∆ R is ≈ 10 13 GeV [24, 25] , which supports the seesaw mechanism, leptogenesis and provides masses for the light neutrinos in agreement with experimental constraints, but offers no hope to see right-handed particles; or v ∆ R is ≈ 1 − 10 TeV, but one must introduce something else (generally an intermediate scale, or an extra symmetry) to make the neutrinos light [15, 20, 25] . Note that both v ∆ R and v δ R contribute to the mass of W R [26] , but only one needs to be heavy. Since v ∆ R is responsible for heavy right-handed neutrino masses, it must be large. Thus v δ R is not constrained by the data. The mass term for neutralinos is given by
The rest of the fields are higgsinos. The neutralino mass matrix Y is equal to [27] 
where µ ij = µ 1 , (i = j) and µ LR ≡ µ 2 are assumed. 3 The upper 4 × 4 part of the matrix contains MSSM-like states. There are still too many unknown parameters and for further simplification one can define the followings:
If we assume that GUT relations between gaugino masses hold, we can simplify the parameters further, but for now we keep them general and discuss specific scenarios later. 2. The lightest neutralino is mostly right-handed wino (λ 0 R in our notation). To obtain this, the masses of the other two gauginos must be larger than that of λ 0 R : M V , M L ≈ 600 TeV and v δ ≈ 50 −100 GeV is light; while µ 1 ≈ 1 TeV, µ 2 ≈ 3 −5 TeV. Decreasing µ 2 to 1 TeV, the lightest state becomes a mixture of λ 0
3. The lightest neutralino is the right-handed higgsinoδ 0 R . This scenario is obtained for a large range of parameters, as long as both µ 2 and v δ are small, ≈ 200 GeV or larger, and (0, 100) GeV, respectively. In fact, this requirement is satisfied for a wide portion of the parameter space, as long as µ 2 and v δ are smaller than other parameters in the theory. This scenario is interesting sinceδ 0 R does not couple to any Standard Model particles (or their SUSY partners). As explained previously, v δ is not constrained by the data. 4. The lightest neutralino could be a mixture of λ V ,δ 0 R and∆ 0 R . In this case we can get eigenvectors and eigenvalues analytically and calculate the relic density for the mixed state. This is a generalization of the first case, where both∆ 0 R andδ 0 R are included. Here we can take advantageous ratios of the vevs ofδ 0 R and∆ 0 R to get only one combination ofδ 0 R and∆ 0 R mixed with the bino. This is the case if we assume the vev's v δ and v ∆ equal.
5.
The lightest neutralino could be a mixture of λ 0 R (the right-handed wino), and the non-MSSM higgsinosδ 0 R ,∆ 0 R . As opposed to the B − L bino, the right-handed wino mixes with MSSM higgsinos as well, which will be considered in a separate scenario.
Again like in scenario (4), one can make the right-wino couple with one combination ofδ 0 R and∆ 0 R if their vev's are assumed to be equal. 6 . Finally, the lightest neutralino could be a mixture of λ 0 R with only the MSSM higgsinos, φ 0 11 andφ 0 22 . This can be the case if both M R and µ 1 are small compared to M L , M V , µ 2 , and the vev's v ∆ and v δ . One could consider v ∆ = v δ case and decoupleδ 0 R and∆ 0 R by taking µ 2 to be large.
We are not interested in the MSSM lightest neutralino scenarios (in which the left-wino or MSSM higgsino mixed with left wino are the LSP), since these have already been studied.
As far as we can tell, scenarios 1-6 are the important (most striking) possibilities.
A. The lightest neutralino state
The following four sets of figures further illustrate the scenarios mentioned above. We assume the composition of the lightest state as (for the first three Scenarios)
First we look at the possibilities for Scenarios (1) and (3). Here we want the bino to be the lightest, so we take M L , M R and µ 1 large. Accordingly, we need v δ to be small. Varying µ 2 will take us from a mostly bino lightest state to a mostlyδ 0 R lightest state. In the left panel of Fig. 1 , the difference between the bino and higgsino compositions of the lightest neutralino state is shown as a function of µ 2 by choosing (M V , v δ ) = (0, 0), (0, 100), (0, 400), and (200, 400) GeV. The rest of the parameters are fixed as M L = M R = 600 GeV, µ 1 = 500 GeV, v ∆ = 1.5 TeV, and tan β = 2. In the right panel, the mass of the lightest neutralino is given as a function of µ 2 for the same parameter values. As seen from the figure the lightest state is pure higgsinoδ 0 R for very small µ 2 values, regardless of the values of (M V , v δ ), as long as they are smaller than 500 GeV. The ratio is more sensitive to the vev of the right-higgsino (v δ ) than to the U(1) B−L gaugino paramater M V . At large µ 2 the state becomes pure bino from pure higgsino and its mass shows a strong dependence on µ 2 . So, one can consider these two limiting cases as realizations of the scenarios (1) and
(3), mentioned above. From the right panel, one can conclude that, except for very small values of µ 2 , the cases where M V and v δ are larger than 200 GeV predict a lightest neutralino with a mass in the range of 200-300 GeV. Otherwise its mass remains less than 150 GeV. Next we look at Scenarios (2) and (3). Here we want the right-wino to be the lightest neutralino, so we take M L , M V and µ 1 large, and v δ to be small. Varying µ 2 will take us from a mostly right-wino lightest state to a mostlyδ 0 R lightest state. In Fig. 2 , we plot the difference between the bino and the higgsino compositions of the lightest neutralino state as a function of
GeV, µ 1 = 500 GeV, v ∆ = 1.5 TeV, and tan β = 2. On the right panel, the mass of the lightest neutralino is shown as a function of µ 2 for the same parameter values. The third diagram shows the bino composition of the lightest state. This case exhibits a very similar dependence on µ 2 as the bino-higgsino case. The curves for various (M R , v δ ) pair indicate that the ratio is insensitive to their chosen values, as long as they are assumed to be less than 200 GeV. The bino composition becomes significant only around µ 2 = 1 TeV, where the right-wino and higgsino mix almost equally, and it is negligible as µ 2 becomes larger.
The contribution of the bino with respect to that of the right-wino is significant for very Otherwise, it is larger than 200 GeV for µ 2 larger than 500 GeV. While the composition of the state is insensitive to M R and v δ , the mass of the lightest neutralino is sensitive to both. Here one can recover Scenarios (2) and (3) in the limiting cases and the mixed state
Finally, we look at realizations of Scenarios (4), (5) , and (6) . Here we are interested in mixtures of bino-(non MSSM) higgsino, right-wino-(non MSSM) higgsino, and right-wino-MSSM higgsino. We need to decouple the MSSM particles for scenarios (4) and (5), so we take M L and µ 1 to be large. In addition we take v ∆ = v δ (as opposed to the previous scenarios, where we took one of them small). We vary M V , M R and µ 2 to go from one case to another.
The realization of the last three scenarios discussed above requires some radical changes in the parameter set and has a distinct structure. We first decouple theφ 0 12 andφ 0 21 fields. Then, without loss of generality, we rotate the basis
In this new basis the mass matrix Y in Eq. (2.7) becomes
Under this assumption the rotated stateη 0 + decouples and onlyη 0 − remains, which allows us to analyze scenarios (4), (5) and (6) more conveniently. The bino-higgsino lightest state is not realized in this region. From the third diagram in Fig. 3 , one can say that within the range considered for µ 2 , the mass of the lightest state is greater than 300 GeV for µ 2 ≥ 500 GeV. So, the scenarios (4) and (5) require the lightest state to be rather heavy unless µ 2 is too large. This takes us to pure right-wino scenario.
Including all the possible model constraints in the next section will restrict our parameter space further.
In Fig. 4 , the difference between the composition of the lightest neutralino as a right-wino, in the universe.
IV. RELIC ABUNDANCE ANALYSIS OF CDM
In this section we calculate the relic density of cold dark matter within the LRSUSY framework. Before presenting our results we give some details of the procedure followed.
The time evolution of the number density n i for a relic particle is given by the Boltzmann equation (taken within spatially flat Friedman-Robertson-Walker background). Furthermore, a single Boltzmann equation can be defined [5] for the total number density,
where h is the Hubble parameter, v is the relative velocity of the annihilating particles, and n eq is the number density corresponding to the sum of each species number density at thermal equilibrium (that is, the density in the early universe).
Here σ ef f is the properly averaged effective cross section of the CDM candidate into ordinary particles (i.e., SM particles including the Higgs bosons) and will be defined below. Clearly, " " stands for the thermal average.
In this study we concentrate on regions of the parameter space where the coannihilation effects are not significant. The relativistic thermally-averaged cross section times relative velocity reads as [29] 
where m χ is the mass of the annihilating particle, the lightest neutralino in our consideration; In general, there is no analytical solution to the Boltzmann equation, Eq. (4.1), which is a Riccati-type equation. Thus a numerical approach is required. There exist several different ways to proceed in the literature [7, 29] . Here we define a freeze-out temperature parameter
x F ≡ T F /m χ , which we use as an approximate solution to Eq. (4.1) [30] as
where M P l is the Planck mass, T 0 is today's temperature (∼ 2.742K • ), so that x 0 can be approximated as zero; T χ (T γ ) is the present temperature of the neutralino (Cosmic Microwave Background), and g * represents the SM effective number of degrees of freedom at the freeze-out temperature (g * ∼ 81 is used). Note that using an approximate solution of the Boltzmann equation instead of solving it numerically will introduce an uncertainity of up to 10% into our results.
The freeze-out temperature parameter x F can be obtained from the following transcendental equation
which can be solved iteratively. As a starting point we need to choose a value for x F . We used 1/25 in our calculations. The range for x F changes between 1/25 to 1/15. Finally, the relic density of neutralinos at present time is defined as
where ρ(T 0 ) = m χ n χ (T 0 ) is the density of the neutralino, and ρ c = 3h 2 M 2 P l /8π = 8.098 × 10 −47 GeV 4 is the critical density of the universe. On the left hand side of the equation, h is the normalized Hubble expansion rate and its value today is 0.71. Thus from the central value of Ω χ h 2 , Ω χ is found to be about 22%. To obtain our final results, a three dimensional integration needs to be carried out numerically. The three parts are: an integration over the Mendelstam variable t to compute σ(s) for each subprocess in the kinematically allowed region, an integration over the center of mass energy squared s from the threshold to practically infinity, and finally an integration over x to compute the thermal averaging from the freeze-out temperature to today's (x 0 ), which we approximate to zero. Mathematica is used for the computation and the matrix element calculations have been carried out with FeynCalc [31] .
The Feynman diagrams contributing to the annihilation cross section are given in Fig. 5 .
We analyze here pure state contributions only, while any mixed case scenario can be calculated in a straightforward manner. Since our analysis concentrates on the non-MSSM scenarios, the MSSM contributions are not shown here. Depending of the center of mass energy available, the resonance problem in s-channel is handled using the Briet-Wigner prescription. [26] . In diagram (b) we sum over all left-and right-handed quarks and leptons in the final state.
The mass of the
The sfermionf has a (mass) 2 given by, for U-type squarks and sneutrinos:
and for D-type squarks and sleptons (mass) 2 is given by the lowest eigenvalue of the matrix [26] :
where v 2 = v 2 δ + v 2 ∆ + κ 2 1 + κ 2 2 and m φ 1 φ 2 is the Higgs mass parameter. Note that while the cross sections for the decay of λ V , λ 0 R depend on M SUSY , the one for theδ 0 R higgsino does not; we must find another relevant parameter for that case.
V. NUMERICAL ANALYSIS
Based on our classification of some possible mass scenarios in Section III, we analyze the first three mass scenarios with the lightest neutralino as a pure bino, right-wino, or higgsino state. The feasibility of the last three scenarios, assuming mixed gaugino-higgsino states, can be analyzed in the light of the pure state predictions. Throughout the numerical calculations, we have chosen the parameters of the model such that the ∆ρ bound, taken as ∆ρ ≤ 0.002 [28] , is always satisfied. We also take into 6 We recall that the bino here is the fermionic partner of the U (1) B−L gauge boson and is different from the bino in the MSSM. 7 We ensure at all times that the bino is not just the lightest neutralino, but a pure state. → h 0 h 0 , when kinematically allowed. An important feature in this case is that there exists an additional condition -the LEP lower bound for the lightest chargino, which we take as 90 GeV. We also insure that the lightest chargino remains always heavier than the lightest neutralino, at least 15 GeV heavier, to avoid significant contributions from co-annihilation channels. For the mixing in the chargino sector, we assume all parameters (except M R and v δ ) large enough to obtain a pure right-wino state.
Using v δ = 30 GeV, a 100 GeV or larger mass is obtained for the right-wino, while fulfilling the bound on the mass of the lightest chargino. In order to obtain a neutralino lighter than the lightest chargino, M R should be at least 160 GeV or larger; hence the excluded region (in green) in Fig. 7 . For illustrative purposes only, we have included, in Table 1 In the third scenario we investigate the possibility that theδ 0 R is the lightest neutralino. This an interesting scenario, asδ 0 R is only introduced to cancel anomalies in the fermionic sector, and, because of its B − L quantum number its direct interactions with matter are forbidden. The relic density prediction for such scenario is shown in Fig. 8, as 1.5 TeV, once we assume a relatively small v δ . Then the mass of the exchange particle Z R becomes heavy, around 1.7 TeV, yielding suppressed cross sections. This is why we obtain a large relic density Ω χ h 2 | χ=δ 0 R , which is inversely proportional to thermally averaged cross section. Only larger masses for the pure higgsino lead to smaller relic density values. In that case, as well as having more phase space available, one is closer to the Z R resonance, which increases the annihilation cross section. So, as seen from the figure, the WMAP at 2σ level is satisfied if the mass of the higgsino lies in 400-450 GeV narrow range. Neither b → sγ nor (g − 2) µ receive contributions from aδ 0 R higgsino. Unfortunately the WMAP allowed region at 2σ level restricts the LSPδ 0 R mass to a very small interval. We will summarize our result in the next section.
VI. CONCLUSION
In this study we have considered the neutralino sector of the LRSUSY model and concentrated on the lightest neutralino state as dark matter, motivated from the fact that WMAP The situation changes when we analyze the case in which the lightest neutralino is the right-wino. In MSSM, the case where the lightest neutralino is the left-wino requires a leftwino mass of ∼ 2.5 TeV to satisfy dark matter limits. For our case, right-wino masses in the 150 − 350 GeV regions are in good agreement with the relic density constraints. The reason for this manifest difference is that the MSSM left-wino cross section is dominated by the decay into W + L W − L pairs, which is not available for the right-wino. The s-channel is available only for theδ 0 R -higgsino, but this channel is suppressed by the large mass of the Z R boson propagator. The cross section is too small for light neutralinos, and the relic density is too large. It is less likely that the lightest neutralino would be thẽ δ 0 R -higgsino, since only a very small mass range satisfies the dark matter constraints. In MSSM, the LSP is even less likely to be the (MSSM) higgsino (see the recent study [32] ). In LRSUSY, its annihilation cross section into W L and Z L gauge boson pairs is unsuppressed, and the relic density is too small, unless µ 1 > 1 TeV.
Our scenarios are very different from those present in the NMSSM or in other extensions of the MSSM, where a very light bino, or a singlino, or their mixture could be the LSP [11, 12, 14] . There the cross section is dominated by a light CP-odd Higgs boson or additional Higgs resonances, and these particles only couple to no SM particles except for the Higgs doublets.
The dominant contributions to a µ in LRSUSY come from the chargino-muon sneutrino and neutralino-smuon loops. These are [36] : a µ = a χ ± µ + a χ 0 µ , where:
is the chargino contribution. The dominant neutralino contribution coming from neutralinoleft slepton graphs is:
and from the neutralino-right slepton graphs:
with the loop functions , and U, V (and N) are matrices that diagonalize the chargino (and neutralino) mass matrices.
b → sγ
The inclusive decay width for the process b → sγ is given by
whereM means evolving down to the decay scale µ = m b . The branching ratio can be expressed as
where the semileptonic branching ratio BR SL = BR(b → ceν) = (10.49 ± 0.46)% and
where z = m 2 c /m 2 b and g(z) = 1 − 8z + 8z 3 − z 4 − 12z 2 logz. The experimental measurement from CLEO can be expressed as [38] :
The SM contribution is
The matrix elements responsible for the b → sγ decay acquire the following contributions from the supersymmetric sector of the model [37] . For b L decay:
with the gluino, chargino and neutralino contributions given by 
and for the decay of b R : 
where the chargino-quark-squark mixing martices G and H are defined as .20) and where the neutralino-quark-squark mixing matrices G 0 and H 0 are defined as and where the matrices Γ U,D diagonalize the squark mass matrices in the up and down sectors. The functions appearing in the expressions above are F 1 (x) = 1 12(x − 1) 4 (x 3 − 6x 2 + 3x + 2 + 6x log x), F 2 (x) = 1 12(x − 1) 4 (2x 3 + 3x 2 − 6x + 1 − 6x 2 log x), The convention x ab = m 2 a /m 2 b is used. C(R) = 4/3 is the quadratic Casimir operator of the fundamental representation of SU(3) C .
In order to compare the results obtained with experimental branching ratios, QCD corrections must be taken into account. We assume the renormalization group evolution pattern.
There is no mixing between left and right-handed contributions. 
